Cladding systems are conventionally designed to serve an architectural purpose and provide environmental protection for building occupants. Recent research has been conducted to enhance structural resiliency by leveraging cladding systems against man-made and natural hazards. The vast majority of the work includes the use of sacrificial cladding panels and energy dissipating connectors. These passive protection systems, though effective, have typically targeted a single hazard one-at-a-time because of their limited frequency bandwidths. A novel semi-active friction connection has been previously proposed by the authors to leverage the cladding motion for mitigating blast and wind hazards. This semi-active friction device, termed variable friction cladding connection (VFCC), is designed to laterally connect cladding elements to the structural system and dissipate energy via friction. Its variable friction force is generated onto the sliding friction plates upon which a variable normal force is applied via actuated toggles. Because of its semiactive capabilities, the VFCC could be used over wide-band excitation frequencies and is thereby, an ideal candidate for multiple hazard mitigation. The VFCC in its passive in-situ mode has been previously designed to mitigate air-blast effects towards the structure and its semi-active scheme has been applied to wind hazard mitigation. In this paper, a motion-based design (MBD) procedure is developed to apply the VFCC to seismic hazard mitigation, completing its application against multiple hazards. The MBD procedure begins with the quantification of seismic load and performance objectives, and afterwards, dynamic parameters of the cladding connection are selected based on non-dimensional analytical solutions. Simulations are conducted on two example buildings to verify and demonstrate the motion-based design methodology. Results show the semi-actively controlled VFCC is capable of mitigating the seismic vibrations of structures, demonstrating the promise of the semi-active cladding system for field applications.
Introduction
where F is the generated normal force and A c,max = b p (l p − 2l t ) is the maximum contact area of the friction plates of width b p (not shown in Fig. 2 ) and length l p with distance l t extending beyond the toggle location.
66
The generated Coulomb friction force F c is taken as proportional to the effective contact area A c between 
76
The characterization process was conducted by subjecting the VFCC to various harmonic excitations 77 under different actuation capacities (%). Fig. 3 shows typical force-displacement and force-velocity loops of 78 a 1 kN capacity device under various utilization levels (%) using the parameterized LuGre (Table 1) 
where C s > 1 and C σ are constants and F c0 represents the initial Coulomb friction force at x = 0. 
Analytical Transfer Functions

83
In this section, two analytical transfer functions of a structure-cladding system are derived as part of the 84 MBD approach. The equations of motion are first presented, followed by the derivation of non-dimensional 85 transfer functions. 
Equations of motion
87
Consider an n-story lumped-mass shear structure equipped with a cladding system connected through 
where Ω is the excitation frequency andx is the amplitude of structure-cladding displacement under a 97 harmonic load. The equations of motion of the n-story structure-cladding system with equivalent viscous 98 damping under a harmonic seismic load are written
where x s ∈ R n×1 and x c ∈ R 2n×1 are the displacement vectors of the primary structure and of the cladding 100 relative to the structure, respectively, E ∈ R n×2n is the cladding location matrix,ẍ g is the ground acceleration 101 excitation, E s ∈ R n×1 and E c ∈ R 2n×1 are the location matrices of the excitation input on the primary 102 structure and cladding elements, respectively, M c ∈ R 2n×2n , C c ∈ R 2n×2n , K c ∈ R 2n×2n are the mass,
103
damping, and stiffness matrices of the cladding elements, respectively, and M s ∈ R n×n , C s ∈ R n×n , K s ∈ 104 R n×n are the mass, damping, and stiffness matrices of the primary structure, respectively.
105
Figure 4: Schematic representation of an n-story structure equipped with a cladding system and VFCCs.
For simplicity of the design process and field implementation, the cladding mass m c , the lateral connection 106 stiffness k c , and the equivalent connection damping c c , are assumed to be identical at each floor. The 107 dynamics of the i th cladding element is studied using a two degrees-of-freedom (DOFs) representation where 
with the equivalent cladding mass m ce , damping c ce , and stiffness k ce
where the nodal displacement q c1,i ≈ x c,2i−1 ≈ x c,2i .
119
Similarly, the displacement vector of the primary structure x s is expressed in terms of the modal vectors
120
Φ si and coordinates q si (i = 1, 2, ..., n), and the first modal shape is assumed to govern its dynamics
where the first modal shape 
where the displacement of the SDOF structure q s1 ≈ x sn and its dynamic properties are defined as
with the structural damping matrix C s taken as linear proportional to the structural stiffness matrix K s .
125
The governing equations of the structure-cladding system are subsequently reduced to
where 
where the hat denotes an amplitude, j the imaginary unit, δ the phase angles,
.
134
Defining the mass ratio µ, tuning frequency ratio f , and excitation frequency ratio λ between the cladding 135 and the structure follows.
155
Figure 6: Motion-based design procedure.
Seismic hazard model
156
The seismic acceleration is assumed to be a zero-mean Gaussian stationary process characterized by a design PSDF G(ω N ) is obtained using the design response spectrum S g (ω N , ξ) with the following equations
160
[64]
with ω N = ω 1 + (N − 1)∆ω the discretized frequency of frequency interval ∆ω and excitation lowest fre-162 quency bound ω 1 , and where ξ is the damping ratio of a lightly damped SDOF system associated with the 163 design response spectrum S g (ω N , ξ), and η N is a critical factor that establishes the equivalence between the
with
and
where T e is the time duration of excitation. Using a discrete summation to approximate the integral in Eq.
169
23 and rearranging yields an expression of a discrete response spectrum compatible PSDF
where the approximately obtained PSDF G(ω N ) is further updated through a match of its associated re- puted using the following iteration scheme until a conversion error of one ten thousandth is obtained
The target response spectrum S g (ω N , ξ) or S g (T N , ξ) for a fundamental period T N = 2π/ω N , assuming 175 a damping ratio ξ = 0.05, is defined in ASCE 7-10 (2010) [68] 176
where S DS and S D1 are the design spectral response acceleration parameters at the short-period T 0 = 0.2S D1 /S DS and at 1 s, respectively, T 1 = S D1 /S DS and T L is the long-period transition period (ASCE 7-10 (2010) [68]). A damping modification factor S DMF is introduced to obtain the response spectra S g (T N , ξ s ) with structural damping ratio ξ s , where [69]
The duration of the excitation is taken as T e = 20 s, with associated probability p = 0.5 and lowest 
Performance objectives
Motion criteria for seismic design are generally associated with structural damage states and often follow 180 limits on inter-story drifts. The threshold of the maximum inter-story drift varies with structure types. Here, 181 criteria for typical steel moment-resisting framed structures are used, listed in Table 2 
The selection of cladding connection parameters is conducted through an iterative process. It consists of 
A solution for J s can be obtained using the integral formula from Gradshteyn and Ryzhik [79] , as are affected significantly less [80] . Here, we simplify the design problem by only considering the maximum 209 inter-story drift ratio from the first mode shape
where h i is the inter-story height of the i th floor. The non-dimensional analytical solution R s is defined by 211 the maximum inter-story drift ratio of the structure
Similarly, the maximum relative displacement structure-cladding l max is written
where σ ci is the standard deviation of the relative displacement of the i th cladding to the primary structure 214 q c1,i (t). The corresponding variance σ 2 ci is given by
with the solution of the integral of the transfer function associated with structure-cladding displacement
The maximum structure-cladding spacing is written
and the non-dimensional analytical solution R c representing maximum spacing defined as
Dynamic parameters for cladding connection 219
The dynamic parameters for the cladding connection are selected based on analytical solutions R s and 220 R c . First, an initial stiffness value k ce is selected by choosing a tuning frequency ratio f
Second, the damping ratio of the connection ξ c is selected through a minimization of the inter-story drift 222 ratio given f . Using Eq. 33, an estimated value for ξ c is obtained by setting ∂J s /∂ξ c = 0. For simplicity,
223
we take structural damping ξ s = 0 and J s reduces to
where parameters Λ c1 and Λ c2 are independent of the damping ratio ξ c with
Note that structural damping is not considered to be negligible (ξ s = 0) in the computation of the peak 228 building responses using analytical solutions R s and R c . Afterwards, the computed peak building responses 229 are compared against the performance metrics. If ∆ max ≤ ∆ p and l max ≤ l c , the design phase is completed.
230
Otherwise, an iteration will be conducted through altering the design parameters k ce , ξ c and/or l c until 231 the performance objectives are achieved. Lastly, the friction damping capacity F cp at each connection is 232 obtained using Eq. 8. In the equivalent damping representations, the VFCC damping is equivalent to 233 viscous damping element under a harmonic excitation acting on the first natural frequency of the structure 234 ω s and the amplitude of structure-cladding displacement taken asx = l max
with buildings are modeled as lumped-mass shear systems with their dynamic properties listed in Tables 3 and   240 4. The fundamental structural damping ratio ξ s is assumed to be 2% for each building. The total length 241 of the cladding panels at each floor for the 5-story and 20-story building are 24 m and 36.6 m, respectively.
242
The cladding elements are concrete panels with 30% window opening area, the densities of the concrete and The equations of motion of an n-story building equipped with a cladding system has the form:
where x ∈ R 3n×1 is the displacement vector, M ∈ R 3n×3n , C ∈ R 3n×3n , and K ∈ R 3n×3n are the mass, 250 damping ,and stiffness matrices of the building, respectively, F ∈ R 2n×1 is the control input vector,ẍ g is 251 the ground acceleration input, E f ∈ R 3n×2n and E g ∈ R 3n×1 are the control input and ground acceleration 252 input location matrices, respectively.
253
The state-space representation of Eq. 45 for the simulations is written
where
is the state vector and with
The numerical algorithm follows the discrete form of the Duhamel integral [1] :
where ∆ t is the discrete time interval and I ∈ R 6n×6n is the identity matrix. This discrete state-space 257 linear formulation is used to simulate the dynamic responses of the linear structural system with the nonlinear 258 damping force F(t). In the simulations, the nonlinear damping force from the VFCC is simulated using the 
where Θ ∈ R 2n×6n is a tuned control gain matrix for the minimization of a performance objective index
where U x ∈ R 6n×6n and U f ∈ R 2n×2n are the regulatory and actuation weight matrices, respectively.
263
The required control force F req,i (t) is not necessarily attainable by a given VFCC device of capacity F cp . A 264 bang-bang type controller is used to adjust the actual control force F act,i (t) of the device, where
This actual control force (ω s = 6.33 rad/s), with a structural damping ratio of ξ s = 2%. Using the model simplification methodology 294 (Section 3), an equivalent 2DOF representation is obtained (Fig.7(b) ). 
where α = Next, parametric studies are conducted to further investigate the effect of dynamic parameters on the 314 responses. The investigated parameters include mass ratio µ (Fig. 10) , tuning frequency ratio f (Fig. 11 ),
315
and damping ratio ξ c (Fig. 12) . These studies are performed using the analytical solutions verified above (Eq. Results show that an 322 increasing mass ratio leads to a better mitigation performance for both H s and H c , as expected from the 323 theory of tuned mass dampers [1] . Double humps that start to appear in H s for larger values of µ are also 324 observable, exhibiting the modal frequency of the added mass. Fig. 11 (a) analogous to tuned mass dampers, there exists an optimal value for f that minimizes H s , but that a more 327 flexible cladding connection increases H c , as observable in Fig. 11(b) . This may cause the cladding system 328 to exceed the allowable structure-cladding displacement. Also, observable double humps in H s occur once 329 the frequency ratio f is tuned around the structure's natural frequency. Fig.12 plots results for ξ c , also
330
showing that an optimal value exists for the optimal mitigation of H s . 
Demonstration of MBD procedure
332
In this section, the proposed MBD procedure is demonstrated on the two selected buildings. The seismic 333 hazard is quantified, followed by the determination of performance objectives and the design of the connection 334 parameters.
335
Seismic Hazard Quantification
336
First, the local design response spectra of the buildings are established using the spectral acceleration 337 parameters S DS and S D1 extracted from the USGS seismic design map, corresponding to a structural 338 damping ratio of ξ s = 2% . These parameters are listed in Table 6 . Both the 5-story and 20-story buildings 339 are assumed to be designed based on the local design spectra in Los Angeles, CA. Fig. 13(a) 
Connection Design
348
Values of the equivalent mass m se and stiffness k se of the primary structure are listed in Table 7 for each Table 7 . 
369
Seismic loads
370
A set of six different earthquakes were selected for the simulations, among which both near-field and far- Table 8 . Original ground motions were scaled to the local design 375 response spectrum at the fundamental period of each building with a structural damping ratio ξ s = 2%
376
, yielding the corresponding scaling factors in Table 8 . The scaled ground motion and design response 377 spectrum are plotted in Fig. 15 . 
378
Simulation results
379
Two performance indices are defined to evaluate the VFCC's performance:
380
• Maximum inter-story drift reduction β s
where the controlled inter-story drift ratio ∆ i = (x s,i − x s,i−1 )/h i for i = 2, 3, ..., n, ∆ 1 = x s,1 /h 1 for 381 i = 1, and ∆ un,i refers to the uncontrolled inter-story drift ratio.
382
• Maximum absolute acceleration reduction β a
where the absolute accelerationẍ i for i = 1, 2, ..., n is the acceleration for the controlled cases andẍ un,i 384 is the acceleration for the uncontrolled case.
385
Results for performance indices β s and β a are listed in Table 9 shows that the semi-active controlled VFCC (LQR) provides significant reductions on buildings' responses.
388
In particular, the maximum reductions on the peak inter-story drift ratio and the peak absolute acceleration 389 under the semi-active VFCC scheme reach 53.5% and 48.3%, respectively, for the 5-story building under 390 hazard EQ2, and 27.8% and 22.5% , respectively, for the 20-story building under hazard EQ3. The 391 overall mitigation on the 20-story building is less given the higher period of the structure. they exhibit an average reduction in the maximum inter-story drift ratio among all hazard cases. Results
392
395
show that the semi-actively controlled VFCC (LQR) significantly reduces both the maximum inter-story 396 drift ratio and the maximum absolute acceleration, especially for the short 5-story building. In terms of the 397 inter-story drift ratio, the semi-active VFCC is critical in providing a response under the limit threshold.
398
The LQR case generally results in a larger structure-cladding displacement at each floor, as expected. The active VFCC (LQR) can significantly reduce the response of the inter-story drift to the desirable design level.
408
Remark that the passive-on case often fails at satisfying the design criteria. This phenomenon is studied 
where the R refers to R s and R c and the subscript 'model' denotes the analytical solutions and 'simulation' both presented under hazard EQ3 , to study the worst case scenarios, whereas each earthquake was 417 associate with the structure's largest uncontrolled inter-story drifts (Table 10 ). Significant disagreements 418 can be observed for both R s and R c between the passive-on (ON) and the analytical solutions (Model). Table   427 10. 
Conclusion
429
A novel variable friction cladding connection (VFCC) has been previously proposed by the authors 430 to enhance structural performance against multi-hazards and motion-based design methodology (MBD) 431 developed to mitigate blast and wind-induced loads. This paper extended results to seismic application.
432
Analytical transfer functions for a structure-cladding system were derived. Specifically, two transfer was shown to be a promising device at mitigating seismic loads.
452
Appendix I Closed-form expression for the integral of rational functions
453
Consider an integral of the following form
its analytical solution follows [79] 454
where j is the imaginary unit, and V n and Q n are the determinants of the following matrices h 4 (λ) = a s0 λ 4 + a s1 λ 3 + a s2 λ 2 + a s3 λ + a s4
and analytical solution
458
J s = πj −a s3 a s4 b s1 + a s1 a s4 b s2 + b s3 (a s0 a s3 − a s1 a s2 ) a s4 (a s0 a 2 s3 + a 2 s1 a s4 − a s1 a s2 a s3 )
where the constants a s0 = 1, a s1 = −2j 
